We generalize the standard model of particle physics such it displays global scale invariance. The gravitational action is also suitably modified such that it respects this symmetry. This model is interesting since the cosmological constant term is absent in the action. We find that the scale symmetry is broken by the recently introduced cosmological symmetry breaking mechanism. This simultaneously generates all the dimensionful parameters such as the Newton's gravitational constant, the particle masses and the vacuum or dark energy. We find that in its simplest version the model predicts the Higgs mass to be very small, which is ruled out experimentally. We further generalize the model such that it displays local scale invariance. In this case the Higgs particle disappears from the particle spectrum and instead we find a very massive vector boson.
Introduction
Explaining the smallness of the observed cosmological constant is a fundamental problem in physics. The problem is acute since particle physics models suggest a value for the vacuum energy, which essentially acts as a cosmological constant, many orders of magnitude larger then the current bound [1, 2, 3, 4, 5, 6, 7] . A possible approach to solving this problem has been suggested by Jain and Mitra [8] . They argue that it may be possible to impose a symmetry, called pseudo-scale invariance, on the model of fundamental physics. This symmetry is related to the standard scale symmetry but is not identical [9, 10] . In particular Jain and Mitra [8] show that this symmetry is non anomalous. Hence as long as the symmetry is not broken by some mechanism, the cosmological constant is predicted to be exactly zero both in classical as well as quantum theory. It is also not possible to break pseudo-scale invariance spontaneously since the symmetry does not permit any mass term in the action. Hence in this case the ground state of the theory is necessarily such that < 0|φ|0 >= 0, where φ is any field introduced in the action.
Jain and Mitra [8] also introduced a new idea for breaking fundamental symmetries. They argue that if we introduce a scalar field with sufficiently shallow potential then we can get a classical space-independent solution to the equations of motion, where the field has a very slow time dependence and is non-zero over the lifetime of the universe. This is in direct analogy to the slow roll models of dark energy [11, 12, 13, 14, 15, 16, 17, 18, 19] . The quantum solution is then constructed by making a quantum expansion around a timedependent classical solution. The global minimum of the potential is irrelavant since the field never reaches this value during its cosmological evolution. The time-dependent classical solution breaks fundamental symmetries, including pseudo-scale invariance, and hence yields a non-zero value of dark energy. In the adiabatic limit this essentially acts as a cosmological constant.
If we impose pseudo-scale invariance, the standard higgs mechanism is not applicable for spontaneous breakdown of the standard model of particle physics. This is because we are not allowed to introduce any mass term in the action. Jain and Mitra [8] suggest that the standard model SU(2) L × U(1) may also be broken cosmologically. In the present paper we construct an explicit model, which implements cosmologically broken pseudo-scale invariance.
Pseudo-scale invariance
We first review the idea of pseudo-scale invariance [9, 8] . As shown in Ref. [9] the standard scale transformations can be split into a general coordinate transformation and pseudo-scale transformation. Let Φ(x) represent a scalar field, A µ (x) a vector field, Ψ(x) a spin half field and g µν (x) the metric. In four dimensions the pseudo-scale transformation can be written as follows:
As shown in Ref. [9] , the standard kinetic energy terms for scalar, spin half fermion and vector particles are invariant under this transformation. All the terms which involve no parameters with dimensions of mass are found to be invariant. The gravitational action is modified such that [9, 10] ,
where G is the gravitational constant, R the Ricci scalar and β a dimensionless constant. The modified action involves no mass parameter and is invariant under the pseudo-scale transformation.
We next regulate the matter part of the action using dimensional regularization. We demonstrate that we can consistently regulate the action, such that the regulated action is invariant under a transformation in n-dimensions which reduces to pseudo-scale invariance in 4-dimensions. In Ref. [8] we have already demonstrated this for scalar fields. The action for complex scalar fields in n-dimensions can be written as
The action is invariant under the transformation
where b(n) = 4a(n)/(n − 2) and we may choose a(n) to be any function of n. We may now generalize this to gauge fields. We consider a U(1) gauge theory. Its action in n dimensions can be written as
where D µ = ∂ µ − igA µ is the gauge covariant derivative and F µν = ∂ µ A ν − ∂ ν A µ is the field strength tensor. This action is invariant under the transformation law shown in Eq. 4 with A µ → A µ . The pseudo-scale invariant action for fermion fields can also be generalized to n dimensions. The action using the tetrad formalism can be written as
where e µ a is the tetrad. The transformation rule for the fermion fields under pseudo-scale transformation in n dimensions is given by
where c(n) = a(n)(n − 1)/(n − 2).
The above discussion shows that we can impose exact pseudo-scale invariance on the regulated action which consists of scalar, spin half fermion and gauge fields. Hence it is clear that we can consistently impose pseudo-scale invariance on the Standard model of particle physics. However the main problem with the action above is that it is not invariant under general coordinate transformation. This is not a problem as long as treat gravity classically but is an obstacle to quantization of gravity. This appears to be necessary as long as we are making a perturbative expansion around the minimum of the potential, Φ = 0. However it appears that this need not be true if the theory is cosmologically broken. In this case we make a quantum expansion around a classical time dependent solution Φ cl (t). The mass scale of the classical solution |Φ cl (t)| itself provides us with a scale necessary for regulating the action. Hence we may regulate the scalar field action, Eq. 3, in n dimensions by multiplying the (Φ * Φ) 2 term by (Φ * Φ) −ǫ , where ǫ = (n − 4)/(n − 2). The theory now displays both pseudoscale and general coordinate invariance. We may expand the field Φ(x) = Φ cl (t) +Φ(x), whereΦ represent the quantum fluctuations. Expanding (Φ * Φ) −ǫ in powers of the quantum fluctuationsΦ we find that the leading term is proportional to (Φ * cl Φ cl ) −ǫ and well defined.
It remains to check the contributions due to terms involving higher powers in ǫ, which we do not address in this paper. We also illustrate this by using nonlocal regularization [20, 21] . We use the smearing function,
where ξ is a dimensionless parameter and D µ is a covariant derivative. The operator
The function f () is chosen such that it regulates the loop integrals at mass scale ξ|Φ cl |. A suitable choice for f () is the exponential function used in Ref. [20, 21] . It is clear that the smearing function is invariant under both scale and general coordinate transformation. Hence this allows us to regulate the theory while preserving scale and general coordinate invariance. This regulator is available to us as long as the scale invariance is broken cosmologically. An explicit demonstration that this indeed defines a consistent quantum field theory is postponed to future research.
Standard Model
In this section we construct pseudo-scale invariant Standard model of particle physics. We point out that the only terms in the Standard model which violate the pseudo-scale invariance are the Higgs boson mass terms. Such terms are required in order that the Standard model gauge invariance may be broken spontaneously. In the present case we break the gauge invariance cosmologically due to the slowly varying background scalar field. Hence we can set the mass terms to zero and construct a model with pseudo-scale invariance. We introduce the complex doublet Higgs field,
We assign H a charge +1/2 under U(1) so that its transformation under SU(2) × U(1) is given by:
where τ a = σ a /2. Using these two fields we can write the SU(2) × U(1) invariant action in 4 dimensions,
where
µ is the SU(2) gauge field multiplet and A µν and B µν are the respective field strength tensors for the gauge fields A µ and B µ . Here we have displayed the action only in four dimensions. The action can be suitably regulated as discussed in section 2. We can also include fermions as discussed in section 2. We emphasize that since we have imposed exact pseudo-scale invariance we are not allowed to introduce the cosmological constant term in the action. Cosmological constant can also not be generated by quantum fluctuations since the pseudo-scale invariance is preserved by the regulated action. Hence this solves the standard cosmological constant problem. Alternative approaches to address the cosmological constant problem are discussed in Ref. [1, 22, 23, 24, 25, 26, 27, 28, 29] .
Classical Solution
We first consider a real scalar field Φ(x) coupled to gravity. We later generalize this to the case where the scalar field is identified as the Higgs multiplet. The action can be written as:
where the gravitational action has been modified by the relation: R/(2πG) → βΦ 2 R, to maintain the pseudo-scale invariance [9, 10] . This model falls in the general category of scalar-tensor models whose cosmological implications have been studied extensively in recent literature [30, 31, 32] . We take the metric as FRW metric with k = 0, i.e., the non-zero components of the metric are given by g 00 = 1, g 11 = g 22 = g 33 = −a 2 (t), where a(t) is the scale factor. If we neglect the quantum fluctuations, then Φ(x) ≈ η(t), where η(t) is the space-independent classical solution. The Einstein equation generalizes such that,
Here T µν , the stress energy tensor, is given by:
with zero off-diagonal components. The 0 − 0 component of Eq. 11 gives:
and the i − i components give:
The equation of motion for η is found to be,
For a vacuum energy dominated universe, evolution of the scale factor is given by a(t) = a 0 e H 0 t where H 0 is a constant. So the Ricci scalar becomes R = −12H 2 0 . In this case, we see that, Eq. 12 allows a constant solution [33] for η, given by,
If we use this to estimate the vacuum energy density, we get,
where in the last step we have put βη 2 ≈ (2πG)
We may now make a quantum expansion around this solution Φ(x) = η(t) + φ(x), where φ(x) denote the quantum fluctuation. The total Lagrangian becomes,
Hence the quantum field, φ gains a mass given by, m φ = √ 6βH 0 . We next interpret the scalar field as the Higgs field responsible for electroweak symmetry breaking. The entire calculation may be repeated assuming that the scalar field is the standard model Higgs field multiplet H(x). The calculation is unchanged with Φ 2 replaced by 2|H † H|.
The electroweak symmetry is broken with the correct mass spectrum for the standard model particles if we assume that the classical solution
, where M EW is the electroweak scale. We predict the mass of the Higgs field of order √ βH 0 which turns out to be of order H 0 M PL /M EW . With the current value of the Hubble constant, this turns out to be very small. Hence this model is ruled out. It would be interesting to investigate if it is possible to enhance the scalar sector in order to avoid this conclusion. Alternatively we may interpret the scalar field as some other multiplet responsible for breakdown of a grand unified gauge group. In any case we do not pursue this further in the present paper. Instead we consider the possibility [9, 10] of local scale invariance in the next section.
Local Pseudo-scale Invariance
We next gauge the pseudo-scale invariance by introducing the Weyl vector meson S µ following the approach Ref. [9, 10] . Local scale invariance has also been considered in Ref. [34, 35, 36, 37, 38, 39, 40, 41] . The local scale invariance may also be broken cosmologically if the classical solution for the scalar field has non-zero value. We expect that in this case the Weyl meson would become massive and one of the scalar fields will be eliminated from the particle spectrum. We first consider a real scalar field and later replace this field by the standard model Higgs multiplet. We demand the action to be invariant under local pseudo-scale transformation such that in Eq. 1 Λ becomes a function of x, i.e. Λ = Λ(x). To compensate for the x dependence of Λ we need to introduce an additional vector field S µ and replace ∂ µ by (∂ µ − f S µ ) in the Lagrangian. The Lagrangian becomes,
f is the gauge coupling constant, E µν = ∂ µ S ν −∂ ν S µ ,R is a modified curvature scalar [9, 10] , invariant under local pseudo-scale transformation, and
is the gauge covariant derivative. Under pseudo-scale transformation the vector field S µ transforms as
The scalarR is found to beR
where R is the standard curvature scalar.
We next obtain the classical equations of motion for this locally scale invariant Lagrangian. The Einstein equation gets modified to
where T αβ is the contribution obtained from all terms other thanR in the Lagrangian. The tensors B αβ , C λ αβ and D κλ αβ are given by,
The energy momentum tensor, including only the field Φ and S µ , may be written as,
The equations of motion for Φ and S µ fields are given by,
respectively. The equations simplify considerably if we drop the space derivatives. The time-time component of the Einstein equation gives
The space-space component of the Einstein equation gives
The equation of motion for the scalar field reduces tö
where the dots represent derivatives with respect to time. We also display the equations for S 0 and S i .
It is clear from Eq. 25 that as long as Φ is time independent S 0 = 0. Similarly from Eq. 26 we find that S i has a very large mass. The mass is of order f M P l , which is huge as long as f is not too small [9] . Hence S i would reach its minimum very early during the cosmological evolution and it is reasonable to set S i = 0. This implies that the classical solution remains the same as that obtained for the case of global scale invariance if we assumeΦ = 0. However now the major advantage is that the very light scalar field has disappeared from the particle spectrum. We see this easily by making a gauge transformation such that Φ → Φ 1 + φ(x)/η(t) (27) with the corresponding transformation of other fields. The action is invariant under this transformation. The field φ has disappeared from the spectrum, essentially becoming the longitudinal mode of S µ . We next generalize the standard model such that it displays local pseudo-scale invariance. This can be done by replacing D µ in Eq. 9 by
We again obtain a classical solution similar to that obtained earlier in this section with the scalar field Φ replaced by 2H † H. Hence we find that the scale invariant standard model of particle physics displays dark energy. It also predicts absence of Higgs particle. Instead we find a very massive Weyl vector boson. So far the solution we have considered does not display cold dark matter. This problem is best addressed after taking into account the visible matter. The Einstein's equations are modified in our model since we have imposed scale invariance. Hence the matter content need not be identical to what is expected in the standard big bang model. In this case we no longer expect the scalar field to be time independent classically. Furthermore the Weyl vector field is also likely to be non-zero. We postpone this interesting issue to future research.
